Aims-To develop a mathematical model of the histological changes of precancer and the development of invasive cancer and how these are related to cytological findings. To use this to investigate the effects on incidence of cervical cancer, number of smear tests and colposcopies, of different schedules for cervical screening, and the clinical management policies for dyskaryosis. Methods-A stochastic model was developed relating the available data on tissue progression to the cytological findings. Two strategies, A and B, were compared: under A, women with any abnormal smear receive immediate colposcopy and treatment; under B, women with mild or borderline dyskaryosis have repeated smears at six monthly intervals with colposcopy only for persistent abnormalities. Results-The model predicted an incidence of invasive cervical cancer in an unscreened population of women aged over 18 years of 5 9 per 10 000 per year. With 70% coverage and three yearly screening under strategy A, the incidence fell to 2-00 and under B to 2*10. The number of smears required was similar but A required two to three times as many colposcopies as B. Raising the coverage to 90% reduced the incidence to around 1 per 10 000 per year but changing the screening interval, the specificity or sensitivity of cytology had much less effect. Conclusion-The model has been tested under a wide range of possible variations in natural history, specificity and sensitivity of cytology. For low grade smear abnormalities, open colposcopic referral is predicted to reduce invasive cancer only slightly more than repeat cytology, at the expense of much additional colposcopy. Improving cytological coverage is suggested as more effective in reducing invasive cancer than increased use of colposcopy or more frequent screening. ( Clin Pathol 1994;47:430-435) Cervical screening is important and costly. Evaluating the overall effectiveness of cervical screening in relation to the contribution of different components is difficult. Determining overall policy requires the evaluation of many possible alternative combinations of cytology, colposcopy, and treatment for their effectiveness in preventing the progression of precancer to invasion and death.
of the histological changes of precancer and the development of invasive cancer and how these are related to cytological findings. To use this to investigate the effects on incidence of cervical cancer, number of smear tests and colposcopies, of different schedules for cervical screening, and the clinical management policies for dyskaryosis. Methods-A stochastic model was developed relating the available data on tissue progression to the cytological findings. Two strategies, A and B, were compared: under A, women with any abnormal smear receive immediate colposcopy and treatment; under B, women with mild or borderline dyskaryosis have repeated smears at six monthly intervals with colposcopy only for persistent abnormalities. Results-The model predicted an incidence of invasive cervical cancer in an unscreened population of women aged over 18 years of 5 9 per 10 000 per year. With 70% coverage and three yearly screening under strategy A, the incidence fell to 2-00 and under B to 2*10. The number of smears required was similar but A required two to three times as many colposcopies as B. Raising the coverage to 90% reduced the incidence to around 1 per 10 000 per year but changing the screening interval, the specificity or sensitivity of cytology had much less effect. Conclusion-The model has been tested under a wide range of possible variations in natural history, specificity and sensitivity of cytology. For woman to another. Some women may rapidly develop CIN 3 and invasive cancer whereas others take many years. Even without treatment, many women never progress beyond CIN 1. The variability is modelled by assuming that movement between states is a random process. Once a woman has entered a particular precancer state, the time she remains there is assumed to be exponentially distributed. The average time spent in a state will depend on the grade. On leaving one precancer state, one of the transitions shown in fig 1 is made, different transitions being made with different probabilities. The rates of these transitions and their associated probabilities are parameters required by the method and were estimated from available data.
The effectiveness of cytology for determining a woman's tissue state is also modelled with probabilities. Five classes of smear result are assumed: negative, borderline, mild, moderate, and severe, corresponding to the classification of the British Society for Clinical Cytology.24 For a woman in a given tissue state all five cytological results are deemed possible. The associated probability of having a result of each type for each tissue grade was estimated from published data. It is assumed that screening is carried out for women in a prespecified age range at regular intervals, unless there is an abnormal smear. If a result is abnormal then the woman has more frequent repeat cytology or receives immediate colposcopy according to the management policy which is modelled. It is assumed that colposcopy, and any subsequent biopsy, allows exact determination of a woman's tissue state and treatment. Successful treatment is modelled as transfer to the clear state. Residual and recurrent precancers are modelled as transfers to other states with specified probabilities. Account is also taken of the proportion who fail to participate in the screening programme, and of age related mortality.
Based on these assumptions it is possible to calculate the probabilities of different outcomes for a population of women offered screening.
This process of analysing the implications of a set of assumptions about a complex system is called mathematical modelling. In the present context, the model derived is stochastic as it makes use of probabilities to represent such features as errors in cytology and the progression of CIN. In principle, a seemingly simpler deterministic model could be proposed whereby, for example, a fixed proportion of smear test results are deemed to be in error. Such a model could not deal adequately with the errors associated with a sequence of smear tests without the introduction of some fiurther assumptions about the interdependence of errors for successive smear tests (the independence of such errors is implicitly assumed in our stochastic model). The use of probability to describe the occurrence of cytology errors, and other elements of the screening process, is not only more plausible, but helps to simplify the analysis. As a baseline estimate, it is assumed that 70% of all women between the ages of 21 and 64 attend for regular screening; the remaining 30% are assumed never to enter the screening programme. Testing was also carried out with coverage rates between 50% and 90%.5
It is assumed that CIN does not develop before the age of 18. Beyond the age of 64 women are assumed no longer able to contract CIN, but existing CIN can progress to invasive cancer.
The screening interval is assumed to be three years, in accordance with current recommendations; a range of intervals from one year to 10 years was also considered. The probability of successful treatment of precancer after colposcopy is assumed to be 90%. 29 Two clinical management strategies based on practices studied previously were compared by means of the model.'4 Under strategy A, women whose smear tests show any degree of abnormality are immediately referred for colposcopy and treatment. After treatment women have a series of follow up smears at intervals of six months or a year, related to the grade of CIN. If all of these follow up smears are negative women revert to routine screening; any abnormality results in further colposcopy.
Under strategy B women with moderate or severe dyskaryosis are immediately referred for colposcopy. Women with a mild or borderline smear have repeated smears at six monthly intervals. Women whose smear tests are negative for two successive tests revert to routine screening. Women found to have mild, moderate, or severe dyskaryosis on follow up are immediately referred for colposcopy, as are women whose smear tests are persistently borderline. Management after treatment is as under strategy A.
Results
Given the problems of estimating reliable parameters, the model is intended as a means of assessing the relative effects of changing factors associated with a screening programme, rather than as a precise predictor of incidence of cancer. Its predictions, however, agree closely with published figures for incidence. The model has been calibrated with data from United Kingdom studies. As a check of its validity, the model was used to 1'0°0 -5H
Strategy A Strategy B Figure 3 Proportions ofinvasive cancersfrom screened and unscreened populations.
incidence of invasive cancer under A and B is 2-0 and 2-1 per 10 000 women aged over 18/year respectively. The number of smear tests and colposcopies quoted in fig 2 are per 10 000 women aged between 18 and 64 in the screened and unscreened populations together. The total number of smears, under each strategy, are similar, but strategy A leads to nearly three times as many colposcopies and five times as many negative colposcopies as strategy B. Figure 3 shows the relative contributions of the screened and unscreened populations to the total incidence of invasive cancer, under 70% coverage. The 70% of the population who are screened are predicted to contribute to between 12% (strategy A) and 16% (strategy B) of all invasive cancers. A large majority of invasive cancers are thus contracted by women who have never been screened. Table 4 summarises the results of using different assumptions of disease progression and the accuracy of cytology. Figure 4 shows the effect of the sensitivity of cytology on the overall incidence of invasive cancer.
A marginal reduction in the incidence of invasive cancer under strategy A at the expense of many more colposcopies is a consistent result for all chosen values of each parameter.
As expected, changing the specificity of cytology has little effect on the incidence of invasive cancer, yet a lower assumption of 97% compared with 98% gives rise to a large increase in the number of negative colposcopies. Table 5 summarises the results of changing various screening options. Figure 5 illustrates the effects of different routine screening intervals on the incidence of invasive cancer.
The incidence of invasive cancer is most altered by the coverage rate. Raising the coverage to 90% from 70% reduces the incidence to around 1 per 10 000 per year. Reducing it to 50% results in an increase in incidence to about 3-1. Achieving 90% coverage with policy B results in almost as effective a reduction in incidence as with policy A, but with only a small increase in colposcopies.
Changes to the screening interval between routine smear tests produce relatively small changes in incidence of invasive cancer. Reducing the screening interval from three years to one year reduces the incidence of invasive cancer from around 2 1 to around 1 9 at the cost of almost trebling the number of smears and doubling the number of colposcopies with an almost threefold increase in negative colposcopies, even when cytological follow up is used ( fig 5) .
Discussion
This analysis suggests that in a partially screened population, such as the United Kingdom, the most substantial reduction in the incidence of cervical cancer can be obtained by increasing the proportion of women taking part in the screening programme. Other changes were predicted to have only a minor effect despite the known limited sensitivity of cytology for detecting and grading histological abnormality. For example, open colposcopic referral for all abnormal smears produced a marginal reduction in invasive cancer with an increased and often unnecessary colposcopy when compared with cytological follow up. Changes in the screening interval, particularly in the range one to three years, and in the sensitivity of cytology have a small impact on the incidence of invasive cancer in the whole population.' 18 31 Because invasive cancer is predicted to be much more prevalent within the unscreened population, however (fig 3) , such changes would have a higher relative impact on those women who participate in the screening programme. This is broadly in line with the findings of the international working group on the evaluation of cancer screening policies,"3 despite the fact that the methods and data sources are different.
One reason why incidence is insensitive to changes in screening programmes is the slow median progression of CIN: to progress undetected by regular cytology to invasive cancer, a succession of several false negative smear test results are needed.
The model that has been developed gives an analytical framework for estimating the overall outcome of different screening policies and clinical management strategies. Using outcome measures such as the overall incidence of invasive cancer does not consider the ethical issues faced by a clinician trying to determine the appropriate treatment for a specific woman who has had a mildly abnormal smear test. In principle, analytical methods could assist in such decision making by giving estimates of the probability of progression to invasive cancer. Many other factors would group.bmj.com on June 6, 2017 -Published by http://jcp.bmj.com/ Downloaded from need to be taken into account, however, in particular the woman's age. Such issues are beyond the scope of the present discussion.
Mathematical modelling of cervical screening has been discussed in several previous studies.'8 19 32-34 Our model is based on a small number of assumptions about the principle features of the precancerous process. The underlying progression of tissue changes cannot be seen directly and has to be inferred from a mixture of cross-sectional and follow up cytological, histological, and colposcopic studies. The assumption of a stochastic progression from normality through three CIN grades to invasive cancer may be an inaccurate oversimplification21 22 and the average progression rates assumed are likely to have substantial errors. Given the paucity of data available, more complex models would be difficult to calibrate and would themselves be prone to errors of oversimplification.'8 19 32 Sensitivity analyses covered a wide range of possible alternatives and indicate that the comparison between management policies is insensitive to the rates of progression assumed for CIN. Even if these rates do change with age, or from one group of women to another, similar overall findings would result.
Stochastic modelling, relating biological and clinical information, can provide a quantitative overview of the relative importance of different aspects of complex medical problems. This can supplement conventional clinical epidemiology although it is not a substitute for continuous collection of data or controlled trials. It can inform the debate on alternative clinical management policies under restricted resources and guide the direction of future studies. It can be used to assess the potential of new screening or diagnostic techniques and help to evaluate the impact of quality control of cytological diagnosis and follow up. Such modelling can also be used to investigate alternative hypotheses about the natural history of cervical precancer. 35 The results of this study provide more evidence that, despite the limited sensitivity of cytology, the main questions about colposcopy or cytological follow up for mildly abnormal smears should concern their cost and acceptability, rather than marginal differences in their effectiveness in preventing invasive cancer within a screening programme. This debate should take second place to improving access and availability of screening. 
